Introduction: SHP656 is the first factor VIII (FVIII) product developed using polysialylation (PSA) technology, in which full-length recombinant (r) FVIII (anti-haemophilic factor [recombinant]) is conjugated with a 20 kDa PSA polymer.
| INTRODUC TI ON
Haemophilia A is an inherited disorder characterized by a deficiency of functional factor VIII (FVIII) leading to uncontrolled bleeding. 1 Patients with severe haemophilia A (FVIII activity levels <1%) may experience frequent spontaneous bleeds into joints that can lead to serious arthropathy. 1 The goal of therapy for many patients is to avoid bleeding episodes and thereby preserve joints using regular (prophylactic) intravenous infusions of exogenous FVIII. 2 During prophylaxis, the time spent at a FVIII activity level of <1% was correlated with the annual bleeding rate. 3 Therefore, the goal of prophylaxis is to maintain FVIII activity levels greater than at least 1%. 4 Traditional FVIII products typically require infusions three times weekly or every other day 5 ; newer preparations with extended halflives may permit less frequent infusion and therefore benefit patients and caregivers. Manufacturers have investigated several mechanisms to extend FVIII activity half-life in vivo, including the use of Fc fusion protein 6, 7 and PEGylation (PEG). [8] [9] [10] [11] These approaches have resulted in approximately 1.4 to 1.5-fold extensions in half-life, 12 making twiceweekly prophylactic dosing a realistic option for many patients, as seen with ADYNOVATE® (rurioctocog alfa pegol; ADYNOVI™, Baxalta US Inc, a Takeda company) 10 and ELOCTATE ® (Fc-rFVIII; Antihemophilic
Factor [Recombinant] , Fc Fusion Protein, Bioverativ Therapeutics). 7 However, there remains a need for a FVIII product with more convenient dosing (such as once weekly or less frequent), which could improve the adherence to treatment in this patient population. 13 To address this need, we investigated another approach to the extension of FVIII half-life using polysialylation. Polysialic acids (PSAs) have been successfully utilized in other therapeutic areas to prolong half-life, improve stability and reduce renal excretion. 14, 15 SHP656 (Baxalta US Inc, a Takeda company), formerly known as BAX 826, is the first FVIII product to be developed using polysialylation technology, in which full-length recombinant FVIII (rFVIII) (octocog alfa; anti-haemophilic factor [recombinant]; ADVATE®, Baxalta US Inc, a Takeda company) is conjugated with a 20 kDa PSA polymer, using polysialylation methods developed in conjunction with Xenetic Biosciences, Inc. In preclinical studies, the new compound achieved 2-3-fold greater extension of mean residence time (MRT) than the parent compound, rFVIII. 16 Based on these promising pharmacokinetic (PK) characteristics, and evidence of a potentially improved immunogenicity profile of SHP656 compared to ADYNOVATE, 17 we conducted this first-in-human study evaluating the safety, tolerability and PKs of SHP656 in patients with severe haemophilia A.
| ME THODS
This study was performed in accordance with Good Clinical Practice and ethical principles consistent with the Declaration of Helsinki and was registered at ClinicalTrials.gov (NCT02716194). The study protocol, consent forms and all amendments were approved by all relevant ethics committees, and written informed consent was obtained from all patients prior to enrolment.
| Patient population
The study enrolled adult males (aged 18-65 years) with severe haemophilia (FVIII activity <1% at prior diagnosis or confirmed at screening 19 performed by a central laboratory at screening) or a history of FVIII inhibitors at any time with a titre ≥0.4 BU (Nijmegen-Bethesda assay) or ≥0.6 BU (Bethesda assay). 20 Exclusion criteria also included severe chronic renal (serum creatinine >2.0 mg/dL) or hepatic impairment (alanine aminotransferase ≥5 × the upper limit of normal or international normalized ratio >1.5) and the presence of any other inherited or acquired bleeding disorder.
| Study design
This was a multinational, phase 1, prospective, open-label, two-period, fixed-sequence, dose-escalation trial to evaluate the safety and PK of SHP656 compared with unmodified rFVIII in patients with severe haemophilia A (FVIII activity <1%). The study was conducted at 20 sites in the European Union and Russia. Patients underwent a 30-day screening period followed by a minimum 4-day washout, after which they were divided into three cohorts ( Figure 1 ). Cohort 1 received a single dose of rFVIII (25 ± 3 IU/kg) followed by 3 days of PK sampling.
Following a minimum 4-day washout, patients then received the same dose of SHP656 (25 ± 3 IU/kg) followed by a 7-day PK evaluation.
SHP656 was administered to the first three patients with a minimum 24-hour staggered interval to allow in-hospital safety observation for 24 hours; subsequent infusions were dependent on confirmation of safety in these three patients. After data from Cohort 1 had been reviewed and approved by the funder's internal safety monitoring committee, this sequential dose comparison was repeated with single doses of rFVIII and then SHP656 at 50 ± 5 IU/kg in Cohort 2.
After review of results from Cohort 2, Cohort 3 received 75 ± 5 IU/kg rFVIII and then SHP656. For all patients, safety assessments were performed at days −1 (admission), 1, 4, 8, 14 and at 6 weeks post-SHP656 infusion. Immunogenicity evaluations were carried out at screening, prior to infusion during each study period, on day 8 after SHP656 infusion, and at 6 weeks ± 4 days. Patients remained on their standard therapy during the screening and follow-up periods (Figure 1 ).
| Objectives
The primary objective of the study was to assess the tolerability and safety of SHP656 after single infusions of 25 ± 3, 50 ± 5 or 75 ± 5 IU/ kg. Clinical adverse events (AEs), immunogenicity, vital signs and clinical laboratory analyses were recorded up to 6 weeks ± 4 days after infusions. Secondary objectives included comparison of the PK profiles of SHP656 with those for equivalent doses of rFVIII and determination of the PK dose proportionality of SHP656. The influence of anti-PSA antibodies on the PK profile of SHP656 was also determined.
| Analytical methods
Blood samples were drawn for FVIII activity assessments and PK evaluation within 30 minutes prior to infusion, and postinfusion at 15 ± 5, 30 ± 5, 60 ± 5 minutes, 3 ± 0.5, 6 ± 0.5, 9 ± 0.5, 12 ± 0.5, 24 ± 4, 32 ± 4, 48 ± 4, 56 ± 4 and 72 ± 4 hours for both rFVIII and SHP656. Additional blood samples for determination of SHP656 levels were carried out at 96 ± 6, 120 ± 6, 144 ± 6 and 168 ± 6 hours.
Factor VIII activity levels were determined using both chromogenic assay (HemosIL ELECTRACHROME FVIII, Instrumentation Laboratory Company) and one-stage clotting assay (OSCA; ACL TOP 500, Instrumentation Laboratory Company) using FVIIIdepleted plasma and activator reagent Pathromtin SL (Siemens).
Immunogenicity assessments using enzyme-linked immunosorbent assay included inhibitory antibodies to FVIII (Nijmegen-Bethesda assay); immunoglobulin G (IgG)-and immunoglobulin M (IgM)binding antibodies to FVIII and SHP656, IgG and IgM anti-PSA antibodies, total Ig anti-Chinese hamster ovary (CHO) antibodies and human anti-mouse antibodies (HAMA).
| Pharmacokinetic analysis
PK parameters were calculated by standard non-compartmental methods using Phoenix ® WinNonlin ® 6.4 (Pharsight Corp.) and preinfusion-corrected data. Predose values greater than the lower limit of quantification, regardless of their magnitude, indicated unexpected endogenous and/or exogenous FVIII activity that had to be accounted for in the PK analysis. 21 Corresponding adjustments were applied on a case-by-case basis taking all available data into account.
For profiles with apparent endogenous FVIII activity at baseline, postdose activity levels were adjusted by subtracting the baseline level from all postdose FVIII activity levels. 22 For those without an apparent endogenous background at baseline, a proportional adjustment 23 was used postdose to account for residual FVIII activity from a previous infusion. FVIII activity data collected after the occurrence of a bleeding episode during a PK assessment period were excluded from the PK parameter analysis and were not included in mean PK parameter plots. PK parameters of the affected period were also ex- 
| Statistical analyses
A sample size of 30 patients was considered sufficient to allow assessment of the tolerability and the safety of SHP656 and to determine the PK profile. 24 Statistical analyses were performed using SAS ® Version 9.4 (SAS Institute, Inc).
As recommended by Brett et al, 25 PK parameters AUC 0-∞ , AUC 0-72h , C max , t ½ , MRT and CL were log-transformed prior to statistical evaluation. PK parameters were analysed by cohort for treatment F I G U R E 1 Study design. a 6 wk ± 4 d post-SHP656 infusion. b Followed by minimum 4-day (96-h) washout period (maximum 4 wk) prior to SHP656 infusion. c Blood samples for PK analysis were collected predose and up to 72 h following rFVIII administration and predose and up to 168 h following SHP656 administration. Blood samples for measurement of FVIII activity and FVIII antigen levels were collected at screening, during PK study visits, and at termination visit. Patients were to remain at the study site for 12-h postinfusion and return the following day for the 24-hour PK sampling. AE, adverse event; FVIII, factor VIII; PK, pharmacokinetic; rFVIII, recombinant human factor VIII The dose proportionality of the PK parameters AUC 0-∞ , AUC 0last and C max for SHP656, over the administered dose range, was explored using the following power law model: log (parameter) = a + b * log (dose). The power law model parameters were estimated using an LS regression method and the 90% CIs were constructed. The increase in PK parameter values in response to a doubling of the dose was estimated with corresponding two-sided 90% CIs. 26 
| RE SULTS

| Patient characteristics
| Safety and tolerability
No serious AEs, thrombotic events or allergic reactions were reported following rFVIII or SHP656 administration, and no treatment-related AEs occurred at any point during the study. A total of 58 non-serious AEs occurred during the study; all events were resolved or resolving at study completion. No significant treatment-related changes in either clinical laboratory values or vital signs were recorded.
| Immunogenicity
Five patients had positive antibodies at screening; anti-SHP656 IgG (n = 1), anti-SHP656 IgM and anti-PSA IgM (n = 1), and anti-PSA IgM (n = 3). New anti-FVIII and anti-PSA FVIII IgG antibodies were detected in two of these patients after initiation of SHP656 dosing.
Both had low (1:40-1:80) unconfirmed titres for these antibodies at screening, and it was considered unlikely that they represented de A two-sided 95% CI for the ratio not containing the value 1 is equivalent to rejecting the null hypothesis of no difference against the two-sided alternative at the 5% level of statistical significance.
| Pharmacokinetics
PK data were evaluable for 39 patients, of which 38 received both treatments. There is generally a good agreement between OSCA and chromogenic assay results for human plasma FVIII and rFVIII.
However, for SHP656, preliminary in vitro and in vivo investigations suggested that OSCA resulted in under-estimation of FVIII activity compared with the chromogenic assay (unpublished data).
Therefore, all PK parameters presented in this paper were calculated using the chromogenic assay.
Dose-related increases in preinfusion-corrected FVIII activity
were observed for both rFVIII and SHP656 (Figure 2 ). Median preinfusion-corrected FVIII activity rose sharply to a maximum shortly after administration of rFVIII and SHP656, and then declined exponentially, with a more rapid decline observed for rFVIII, as expected T max corresponded with the first sampling time points ( Figure 2 ).
Median observed FVIII activity following SHP656 infusion remained >1% for ≥96 hours in all cohorts, and for 120 hours in the 75 IU/kg cohort. Consistent with these observations, geometric mean AUC 0-∞ and AUC 0-72 were higher for SHP656 than rFVIII, as were t ½ and MRT while C max and CL were lower ( 
| D ISCUSS I ON
In this single-dose study, there were no treatment-related AEs, seri- It has been hypothesized that clearance of modified rFVIII variants is largely regulated by interaction with von Willebrand factor (VWF), and longer-acting FVIII variants may require modifications that exclude association with endogenous VWF. 28 The in vitro and in vivo data had suggested that, besides other possible mechanisms, the prolonged half-life of PSA-rFVIII could be attributed to two possibly intertwined mechanisms: reduced binding to scavenger receptors (ie LRP1) and a largely VWF interaction-independent circulation time. 17 The improved PK behaviour of PSA-rFVIII compared with rFVIII in preclinical animal models appears to be translated to humans given the observed half-life extending effect of rFVIII polysialylation. In this study, while polysialylation prolonged the halflife of FVIII activity, it was to a similar degree to that shown for marketed extended half-life products. A small number of patients had pre-existing PSA antibodies at screening. In the highest dose cohort (75 IU/kg), there were three such individuals, and mean FVIII activity was lower in these patients compared with those without anti-PSA antibodies.
The safety profile of SHP656 in this study of 40 patients, with no treatment-related AEs or significant laboratory findings or vital signs, appears to be at least equivalent to the profiles of rFVIII or marketed extended half-life FVIII compounds. In the pivotal study of PEG-rFVIII, six out of 137 (4.4%) patients reported seven AEs that were considered possibly related to the product, all of which were non-serious and consistent with the known safety profile of the parent compound rFVIII. 10 Similarly, only 10 out of 164 (6.1%) patients in the phase 3 study of Fc-rFVIII experienced AEs related to the investigational product; none was serious. 7 While the de novo antibody formation in response to SHP656 was not a concern in this study, a multiple-dose study with a longer follow-up would be required to better understand the immunogenicity profile of SHP656.
| CON CLUS ION
The results from this single-dose study indicate that polysialylation of rFVIII confers a half-life extension similar to that of approved extended half-life products that use either PEG or Fc fusion technology and was not associated with any treatment-emergent adverse events.
